The unique high-resolution digital terrain data set available for Ganymede's Uruk Sulcus area and Galileo Regio is analyzed by quantitative image analysis techniques to identify relationships between surface brightness, elevation, and slopes. Broad and narrow ridges and grooves of the Uruk Sulcus terrain model are found to be aligned with bright and dark lineament patterns visible in images. These prominent lineaments represent areas covered by bright and dark albedo material, not effects of photometric shading. There is a strong correlation between material locations and elevation: bright material is found on topographic highs, whereas dark material is located in depressions; the relative abundance of the dark material increases with lower elevation. In Galileo Regio, we find that bright material is also located on slopes facing north. We suggest that the bright material in Uruk Sulcus and Galileo Regio was emplaced or exposed during or after formation of the terrain in its present location, whereas the dark material was eroded and redistributed down-slope. Effects of net solar illumination may play a role in the peculiar azimuthal distribution of bright and dark material on slopes.
INTRODUCTION
The peculiar surface of Ganymede with its distinct patterns of bright and dark surface lineaments and grooves seen in Voyager images has greatly intrigued planetary scientists. Extensive analyses of these lineaments have been carried out (e.g., Allison and Golombek 1981 , Squyres 1981 , 1982 Murchie et al. 1986 , Parmentier et al. 1982 , Grimm and Squyres 1985 , Squyres and Croft, 1986 , Shoemaker et al. 1982 . However, our comprehension of these observations has been very limited. Do these patterns represent shading effects and cast shadows due to rugged topography, or do they represent different types of materials that have different optical properties?
Fortunately, the SSI camera on the Galileo spacecraft has recently obtained image data, with which these questions can be addressed. The high-resolution stereo images from Uruk Sulcus and Galileo Regio provided the first opportunity to examine Ganymede's surface topography in detail and to carry out more quantitative studies of the relationship between surface brightness and elevation. As from the terrain data, precise surface slopes and illumination angles can be determined, and the image and topographic data in combination can be used to predict and verify photometric (lighting) effects in images, subject to limitations in the data resolution.
The goal of this study is to characterize the general relationship between apparent terrain brightness and topography. This paper will focus primarily on the aspects of extracting and discussing the observational evidence from the unique terrain and image data that are available to us. The full interpretation of these observations which require more comprehensive analyses of all geological data that are available and complementary studies in other regions of Ganymede have been discussed in companion papers, e.g., Head et al. (1997) , Pappalardo et al. (1997) , and Prockter et al. (1998) .
DATA AND METHODS
Our investigations focus on two areas in Uruk Sulcus and Galileo Regio, for which digital terrain models (DTMs) are available (Table I) . Briefly, these models were derived from high-resolution stereo images obtained during the first (G1) and second (G2) Ganymede flyby of the Galileo spacecraft. Owing to limitations of the stereo analysis techniques, they do unfortunately not reach full spatial resolution of the raw image data. While the DTM near Uruk Sulcus covers an area of 22 × 56 km and has a scale of 200 m/pixel, the DTM near Galileo Regio covers 63 × 102 km at a scale of 300 m/pixel. These terrain models allow us to derive secondary products such as orthoimages, elevation profiles, and "slope" and "azimuth maps" (digital image-formatted files, containing magnitudes of slopes and azimuth of down-slope direction, respectively, for each pixel). Precise surface normals, as well as solar incidence and emission angles, can be computed from the DTM, allowing us to generate "shaded-relief DTMs" using appropriate functions to describe the photometric behavior of surface facets.
Orthoimages were computed from each of the two stereo pairs in order to directly compare image data with the DTMs and with the slope and azimuth maps ( Figs scale were chosen to exactly match the terrain models. Though the production of orthoimages is a computationally involved procedure, this type of data reduction is particularly advisable for the images of this study. Here, rough terrain topography is imaged from oblique viewing angles and results in foreshortening of surface features. The limited resolution of the DTMs will introduce geometric errors at small scale in the orthoimages. We estimate that the misregistration between the DTM and the corresponding orthoimages derived from the stereo partner images are up to 4 pixels, depending on local topography. In this paper, however, smoothed versions of the orthoimages are used to avoid any effects of misregistration.
ANALYSIS

Photometric Effects
We first address the question of whether the distribution of bright and dark patterns represents photometric effects. Shaded DTMs were computed for the terrain models of Uruk Sulcus and Galileo Regio. We assume that the surface photometric properties can be described by the Hapke photometric functions (Hapke 1981 (Hapke , 1984 (Hapke , 1986 ) using two sets of parameters (Table II) believed to represent optical properties of bright and dark terrain types on Ganymede (Helfenstein 1986a (Helfenstein , 1986b . While most of the more recently published photometric parameters for Ganymede are fits of Hapke's model to whole-disk photometry (Domingue and Verbiscer 1997 , Buratti 1991 , 1995 the parameters in Table II were determined using disk-resolved measurements of surface brightness for individual terrains. Errors are derived from the scatter of measured data about the Hapke model fit (Helfenstein and Veverka 1989) . We adopt the phase, solar incidence, and emission angles as during the G2 encounter (Table III) .
The shaded DTM was generated with a mean DN value matching that of the orthoimage. For the purpose of comparison, orthoimages (Figs. 3a, 3c , and 3e) and corresponding shaded DTMs (Figs. 3b, 3d , and 3f) were stretched with identical param- eters. This comparison reveals that the shaded DTM is unable to produce the prominent lineament patterns in the orthoimage extending from northwest to southeast with their drastic differences in brightness of about a factor of 3. This may be partially due to the limited spatial resolution of the DTM and its comparably moderate slopes which fail to represent the topography in sufficient detail. However, inspection of the photometric function under the given illumination angles indicates that no conceivable topographic model can produce shading effects of the required magnitude (see also discussion section and compare with discussion by Pappalardo et al. 1998) . Choosing different photometric functions does not change this basic conclusion. We therefore suggest that most of the variations in surface brightness in the images-under their given illumination and viewing conditions-do not represent photometric effects. Instead, it is likely that these patterns primarily represent distinct bright and dark surface materials. 
FIG. 3.
Orthoimages of Uruk Sulcus (left) and corresponding Hapke-shaded digital terrain models (right). The original orthoimage (a) was stretched to the maximum possible. The shaded DTM (b) received an identical stretch. While there is some brightening in the shaded DTMs on surfaces facing the Sun (compare with Fig. 1 ), the DTMs are unable to reproduce the prominent patterns of bright and dark lineaments of the orthoimages. This indicates that the patterns seen in images represent mostly albedo effects, not photometric shading. In the next step, the orthoimage was smoothed to match the effective spatial resolution of the DTM (c). Consequently, the drastic differences in albedo seen in (a) reduce by approximately a factor of 2. Again, the image was streched to the maximum, with the shaded DTM (d) receiving a corresponding stretch. This demonstrates that photometric effects become increasingly important, as the resolution of the image is reduced. To show the areal patterns of photometric effects more clearly, the DTM was finally stretched to its extreme (f). With this drastic stretch applied to the image, the range of image brightness greatly exceeds the range of DN values (e). The shaded DTM does, however, reveal some subtle photometric brightening, in particular on the ridge near the southwestern corner of the DTM (Figs. 3b, 3d , and 3f; note that in Fig. 3f the DTM was stretched to its extreme, to make this pattern better visible). However, this effect is very minor and visible only by virtue of steep, sun-facing slopes of this area. Dark and illuminated areas differ in brightness by not more than a factor of 1.3. Surface brightening on this same ridge is seen in the image data (Figs. 3a, 3c , and 3e), suggesting that these patterns represent photometric effects, at least partially.
To demonstrate relationships between image resolution and brightness, the resolution of the orthoimage was reduced by a factor of 4 (Fig. 3c) . This reduced the drastic differences in albedo by approximately a factor of 2. Apparently, photometric effects become more important, as the resolution of the image decreases (see discussion).
Distribution of Surface Material and Elevation
Accepting that patterns of bright and dark areas represent different types of materials, we examine the areal distribution of these materials in relation to elevation. We extracted DN values from the orthoimage and corresponding height values from the DTMs of both study areas. The image data were smoothed to match the effective resolution of the DTM. Brightness data were plotted versus elevation to search for possible correlations (Figs. 4 and 5, top) . In both study areas, the correlation is similar. Low DN values occur more commonly in the topographic lows. Topographic highs, in contrast, have a higher degree of intermediate and high DN values. Intermediate elevations cover the full range of brightness.
To study details of this correlation, we compared image brightness and topography along selected profiles perpendicular to grooves and furrows in Uruk Sulcus (Figs. 6 and 7) and Galileo Regio (Figs. 8 and 9 ). Elevation data clearly follow the variations in brightness of the orthoimage. Note that in some examples (Fig. 7, profiles p1 and p2 ) the elevation data follow short-scale variations in brightness (the "wiggles") but do not follow the large-scale variations. The local maxima and minima in brightness and elevation match up regardless of their absolute values. In other examples (Fig. 7, profiles p3 and p4 ) the elevation data follow the large-scale variations as well, with the surface becoming increasingly dark in the down-slope direction. In many places (profiles not shown), the correlation between material brightness and elevation is not obvious. Local geology probably affects the distribution of surface materials.
Surface Material and Slopes
Based on the DTM we calculated a map showing slopes (map not shown) and down-slope azimuth directions for Uruk Sulcus and Galileo Regio (Fig. 10) . We first extracted slope and DN values from the slope map and the orthoimage. The plots for both areas (Figs. 4 and 5, center) suggest that both bright and dark materials are evenly distributed on moderate slopes <10
• . However, while a comparably large fraction of bright material in Galileo Regio is found on slopes near 10
• -20 • (Fig. 5 , center), the Uruk Sulcus data (Fig. 4, center) show that on steeper slopes (>10
• ), the dark material prevails. Goodness-of-fit tests were used to examine the significance of these observations. The data were separated in bins, comprising rectangular areas in the plot, 50 DN by 5
• each. Comparisons were made between the distribution of DNs at large slope angles (10
• -15
• ) with the distribution at low slope angles (0
. The test indicated that the observed effects are highly significant beyond the 99.5% level. However, local patterns in the topography and surface
FIG. 7.
Profiles (see Fig. 6 for locations) of elevation (solid line) and brightness (dashed line) for Uruk Sulcus. The orthoimage was reduced in resolution to match the effective resolution of the DTM. Note the correlation between the local maxima and minima of the two.
brightness cause grouping and clustering of the data points; thus, we cannot determine whether this effect is a general statistical property of the distribution of surface materials in the region or a local effect.
Likewise, we extracted data points from the azimuth map and corresponding DN values from the orthoimage. For Galileo Regio (Fig. 5, bottom) , the plot shows that the bright material is located mostly on slopes facing the north direction. All profiles (Figs. 8 and 9) show a correlation between brightness and elevation very similar to that seen in Uruk Sulcus (Figs. 6 and 7) . In addition, the north-south profiles show that the two curves are slightly "out of phase" with bright material located on slopes facing north rather than on the top of the ridges. In the case of topographic features, known to be circular in shape, such as impact craters, this effect is seen very clearly (see Fig. 9b of Prockter et al. 1998) .
We carried out this same investigation in Uruk Sulcus (Fig. 4,  bottom) . However, as NW-SE trending lineaments dominate the region, data points cluster very strongly near azimuth angles of 45
• and 215
• . Conclusions as to variations in the relative abundance of bright and dark material with down-slope direction are therefore difficult to make.
DISCUSSION
Distribution of Bright and Dark Material
Relationships between material location and elevation may shed important light on the properties of surface materials on Ganymede and their emplacement mechanisms. Important insights into these issues come from photogeological mapping of monoscopic images (Head et al. 1997 , Prockter et al. 1998 , from the visual inspection of images "wrapped" over the DTMs, seen under oblique viewing angles , and from the inspection of image pairs under a stereoscope, as higher-resolution topography becomes visible Pappalardo et al. 1998) . However, in this study we tried to avoid the use of these comparably subjective methods and we made it a point to focus on the relatively unbiased information contained in the digital terrain and orthoimage data.
The observed peculiar distribution of material and correlations with elevation are difficult to explain by emplacement mechanisms seen on other planets, notably Earth. Material location is apparently not determined by absolute elevations. Rather, the data show that there is a correlation of material type with local topographic highs and lows at small scale. This is indicated by the the fact that local maxima in elevation and brightness often match regardless of the particular absolute elevation or brightness (e.g., Fig. 7 , profiles p1 and p2). This is also supported by the very large scatter in the plots of elevation versus brightness (Figs. 4 and 5) for both areas. This observation rules out simple emplacement models, such as stratigraphic layering of the materials, or deposits (such as snow) at high altitudes.
Images show that the transition between dark and bright material is abrupt in many places, but in other places, the transition is clearly gradual. Elevation and brightness profiles indicate that the surface sometimes becomes increasingly dark in the down-slope direction (Fig. 7 , profiles p3 and p4) with an almost linear relationship between brightness and elevation. This can easily be explained by the prevalence ot two distinct bright and dark surface materials, with areas of intermediate brightness representing areal mixtures of the two materials at the subpixel scale and with the relative abundance of the dark material increasing with lower elevation. Our observations combined suggest that the dark material initially covered the bright material to a large extent. Subsequently, dark material was eroded and redistributed down-slope driven by gravity to "fill" the topographic lows, while a great fraction of the bright material remained exposed at higher elevations.
The effect that bright material is preferrably exposed on slopes facing certain directions in the sky suggests that effects associated with solar illumination and effects of topographic shielding are important. Prockter et al. (1998) suggest that surface material on Ganymede initially consists of a mixture of bright "clean ice" Fig. 9 . The location of the label marks the beginning of the profile. and dark inclusions. As our study areas are at northern latitudes, slopes facing south are exposed to greater net solar illumination. Consequently, sublimation of the icy material occurs on these slopes, leaving dark material behind. Recondensation of vapor leads to ice deposits on the colder north-facing slopes. The dark material is ultimately eroded and moves down-slope. This model is in good agreement with our observations. We also note that nonuniform tectonic deformation of surface topography may have caused slopes in the North to be steeper and therefore solar illumination to be less than on other slopes. Unfortunately, the data for Uruk Sulcus are not appropriate to verify whether this mechanisms is active across Ganymede or is restricted to Galileo Regio. Whether net illumination has an effect on the preferred location of bright material could be verified by studies of southern hemisphere images. The fact that bright material prefers slopes facing North should also result in intriguing photometric effects in lower-resolution images covering wide areas.
Additional, more detailed analyses are needed to fully understand the distribution and emplacement history of surface material in the two study areas, as well as in other regions on Ganymede. A new approach would be the use of image masks to extract albedo values and slope data from bright and dark areas visible in the orthoimages and DTMs to map local variations in photometric and material properties. Surface slopes in Uruk Sulcus and Galileo Regio represent a wide range in illumination incidence and emission angles; hence, the resulting albedo and slope data sets are probably well suited to determine selected parameters of photometric functions by inversion methods. However, higher-resolution stereo images and topographic data might be needed to resolve the finer surface structure.
Implications for Shape-from-Shading Studies
In previous studies of Voyager imagery, photoclinometric techniques have been used to extract topography from images of Ganymede's bright terrains (Squyres 1981, Schenk and Moore 1995) . These techniques were applied under the assumption that variations in surface brightness were due to photometric effects, not to differences in albedos. In light of this study, the validity of this assumption can be examined. Our data suggest that the variations in brightness are primarily due to simultaneous presence and distribution of at least two materials with contrasting albedos. It is therefore not surprising that shape-from-shading techniques applied to the Galileo image data of the Uruk Sulcus terrain had failed (Kirk, personal communication 1996) .
FIG. 9.
Profiles (see Fig. 8 for locations) of elevation (solid line) and image brightness (dashed line). Note that elevation and brightness are slightly "out of phase" in the profiles p2 and p3 running from north to south, indicating that the bright material is preferentially located on slopes facing north.
The maximum slopes that occur in our Uruk Sulcus DTM with its effective resolution of 500 m (Table I) are approximately 20
• (Fig. 4, center) . From evaluation of our photometric functions with given parameters (Table II , "Bright Terrain") and given illumination conditions of incidence angle i = 14
• , emission angle e = 36
• , and phase angle α = 47 • (taking the viewing and illumination geometry for the imaging of Uruk Sulcus during the G2 encounter as an example, Table III), we estimate that surfaces tilted by 20
• from the horizontal will show photometric brightness that can differ by no more than a factor of 1.3 (compare with Fig. 3b) , regardless of how the surface normal is oriented with respect to observer and Sun. This is clearly not sufficient for shape-from-shading analysis considering that albedos between the bright and dark lineaments differ by a factor of 3.
For larger solar incidence angles the situation improves. Keeping the position of the observer and the emission angle constant at e = 36
• , we estimate that for the same solar azimuth, but a solar incidence angle of i = 55
• (and a resulting phase angle of α = 83.4
• ), the ratio between photometric brightness on flat surfaces and slopes is 2.8 and thus matches roughly the differences in albedo of about a factor of 3. This solar incidence angle can be considered as the required absolute minimum to successfully carry out shape-from-shading studies for this particular image data set. For solar incidence angles of i = 65
• , this ratio increases to a factor of 7.2.
At lower Voyager-type image resolution, the drastic differences in albedo will even out (see Figs. 3c and 3d ). We estimate that for an image resolution of 500 m/pixel (see Fig. 3c ), which roughly matches the effective resolution of our DTM and the typical resolution of Voyager images, differences in albedo reduce to approximately 1.5 for Uruk Sulcus. Here, a solar incidence angle of i = 55
• (e = 36 • , α = 83.4
• ) would be more than sufficient to produce photometric effects on slopes that exceed the observed albedo patterns in magnitude. We therefore conclude that if shape-from-shading analyses were restricted to lowerresolution images and favorable illumination conditions, basic requirements for shape-from-shading analyses would be met. Indeed, the previous shape-from-shading analyses were carried out using 600 m/pixel images seen under high solar incidence angles (e.g., i = 78
• , e = 20
• , α = 60
• ; see Fig. 6 in Squyres 1981) for which photometric effects would exceed albedo effects. Giese et al. (1998) report good correspondence between profiles across the Uruk Sulcus DTM and the photoclinometric profiles of Squyres (1981) .
SUMMARY AND CONCLUSIONS
We have analyzed a unique terrain and image data set available for Ganymede to identify and quantify relationships between surface brightness and elevation. We conclude that broad and narrow ridges and grooves of the Uruk Sulcus terrain model are aligned with lineament patterns visible in images. Although we show that subtle photometric effects do occur, the distinct appearance of lineaments is primarily caused by the segregation of materials with distinctly different albedos rather than to photometric shading. Furthermore, we find that there is a strong correlation between material locations and elevation: bright material is found on topographic highs, whereas dark material is concentrated in the troughs. Often, the relative abundance of dark material is found to increase toward the bottom of the topographic depressions. In addition, we find, for Galileo Regio, that bright material is predominantly located on slopes facing north. We suggest that the bright material was exposed during or following terrain formation and that the areal distribution of dark material is determined mostly by subsequent down-slope mass wasting. This interpretation is consistent with the findings of Prockter et al. (1988) for the dark terrain in Galileo Regio.
Studies in other areas of Ganymede or photometric analysis of global imagery may shed further light on properties, possible origin, and details of emplacement mechanisms of these materials. Yet, further studies require higher-resolution stereo images to resolve the topography associated with the fine details of lineaments seen in the images. Owing to the limited data transmission rate of the Galileo spacecraft, no further stereo images of comparable quality from Ganymede were obtained. It would therefore be valuable to include high-resolution stereo imaging when Ganymede is encountered by spacecraft in the future.
